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Why Hydrogen?

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Eν, Erec)
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Why Hydrogen?
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Cross section

Detector response
Oscillation probability

• Modern neutrino experiments use 
heavy nuclear targets for statistics. 
For example, Ar in DUNE. 


• Nuclear effects (Fermi motion, 
nucleon-nucleon correlation, final 
state interactions etc.) are important:

• Energy reconstruction 

• Flux and other measurements 
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because we use heavy  nuclear targets, the xsec here is neutrino-nucleus 



Why Hydrogen?

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Evis, Erec)

Number of events  
observed in the detector Neutrino flux Detector response

Oscillation probability

• Modern neutrino experiments use 
heavy nuclear targets for statistics. 
For example, Ar in DUNE. 


• Nuclear effects (Fermi motion, 
nucleon-nucleon correlation, final 
state interactions etc.) are important:

• Energy reconstruction 

• Flux and other measurements 
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σν−N × RNuclearEffects(Eν, Evis)

if you look a neutrino event generator like GENIE, there is always nu-nucleon models, 



Why Hydrogen?

Final state interactions

MC generators

νN interactions

νA interactions

Final state interactions
FSI
Intranuclear cascade
Cascade algorithm
INC input
FSI in GENIE

Formation time

Summary

Tomasz Golan MC generators @ NuSTEC 25 / 40

FSI describe the propagation of particles created in a primary
neutrino interaction through nucleus

All MC generators (but GIBUU) use intranuclear cascade model

by T. Golan 

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)

Number of events  
observed in the detector Neutrino flux Detector response

• Modern neutrino experiments use 
heavy nuclear targets for statistics. 
For example, Ar in DUNE. 


• Nuclear effects (Fermi motion, 
nucleon-nucleon correlations, final 
state interactions etc.) are important:

• Energy reconstruction 

• Flux and other measurements 

Oscillation probability

σν−N × RNuclearEffects(Eν, Evis)
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what are the nuclear effects? fermi …  



Neutrino Energy Reconstruction

• Nuclear smearing of neutrino energy in Ar is large.

• Rely upon MC to do the correction is model-dependent.

NUCLEAR SMEARING & ENERGY SCALE

✦ For most ν(ν̄)-H topologies (e.g. µpπ) response function defined by δp/p resolution

=⇒ Unfolding of detector response can be calibrated accurately in low-density detector

✦ Compare inclusive CC distributions of variable X from ν(ν̄)-H and Ar

=⇒ Determine product of nuclear smearing times σ for the particular ND spectrum

✦ H allows model-independent measurement of initial and final state nuclear effects
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Why Hydrogen?

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)

Number of events  
observed in the detector Neutrino flux Detector response

• Neutrino-Hydrogen measurements will provide:

• Measurements free from nuclear effects:

• Neutrino energy scale.

• Neutrino flux.


• Disentangle nuclear effects from others. 

• Measurement of neutrino-hydrogen interactions is also important 

to cross-section physics.

Oscillation probability

σν−N × RNuclearEffects(Eν, Erec)
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N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)

Number of events  
observed in the detector Neutrino flux Detector response

• We don’t have many neutrino-hydrogen datas: 

• Early bubble chamber datas suffer from low-statistics.

• No such experiments for ~30 years.


• Neutrino-hydrogen measurements for DUNE should:

• Be exposed to same flux

• Have as similar as possible detector response with nuclear targets (Ar).


• A pure hydrogen detector (liquid or gas) with large mass causes safety 
concerns.

• Can also be expensive.

Oscillation probability

σν−N × RNuclearEffects(Eν, Erec)

A “Hydrogen Detector” at DUNE ND?
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NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics

Roberto Petti USC
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Measurement of Neutrino-Hydrogen in STT
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NUCLEAR TARGETS IN FGT
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics

Roberto Petti USC

09

x68

Measurement of Neutrino-Hydrogen in STT

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics

Roberto Petti USC

09

x68

Measurement of Neutrino-Hydrogen in STT

Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics

Roberto Petti USC

09

x68

Subtraction of C from CH2 provides 
hydrogen (free proton) target

Measurement of Neutrino-Hydrogen in STT

Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen

6

Statistically give you h target
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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Subtraction of C from CH2 provides 
hydrogen (free proton) target

Measurement of Neutrino-Hydrogen in STT

Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen

Ar and other nuclear targets provide 
understanding of the nuclear effects
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✦ Multiple nuclear targets in FGT: (C3H6)n radiators, C, Ar gas, Ca, Fe, etc.
=⇒ Separation from excellent vertex (∼ 100µm) and angular (< 2 mrad) resolutions

✦ Subtraction of C TARGET from polypropylene (C3H6)n RADIATORS
provides neutrino AND anti-neutrino interactions on free proton target
=⇒ Absolute ν̄µ flux from QE
=⇒ Model-independent measurement of nuclear effects and FSI from RATIOS A/H

✦ Pressurized Ar GAS target (∼ 140 atm) inside C tubes and solid Ca TARGET
(more compact & effective) provide detailed understanding of the FD A = 40 target
=⇒ Collect more than ×10 unoscillated FD statistics on Ar target
=⇒ Study of flavor dependence & isospin physics
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09
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Subtraction of C from CH2 provides 
hydrogen (free proton) target

Measurement of Neutrino-Hydrogen in STT

arXiv:1809.08752, submitted to Nuclear Physics B 

Dedicated carbon (graphite) target 
to measure carbon background

Radiator (CH2) provides most of the 
detector mass with abundant hydrogen

Ar and other nuclear targets provide 
understanding of the nuclear effects
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CP optimized beam ⌫⌧ optimized beam

Process FHC 1.2MW, 5y RHC 1.2MW, 5y FHC 2.4MW, 2y RHC 2.4MW, 2y

⌫µ CC on CH2 34,300,000 5,500,000 65,570,000 3,810,000

⌫̄µ CC on CH2 1,680,000 13,100,000 1,152,000 24,000,000

⌫e CC on CH2 508,000 242,000 665,000 181,000

⌫̄e CC on CH2 85,700 187,000 70,000 190,000

⌫µ CC on H 3,360,000 542,000 6,510,000 375,000

⌫̄µ CC on H 308,000 2,490,000 210,000 4,330,000

⌫e CC on H 49,700 23,900 65,800 17,800

⌫̄e CC on H 15,400 34,400 12,600 33,900

TABLE I. Number of events expected in the proposed STT for a fiducial mass of 5 tons (C3H6)n
targets and 714 kg of hydrogen (within radiator targets). Results with two di↵erent LBNF beam
options are shown: (a) default 3 horn beam optimized for the CP violation search (1.2 MW, 120
GeV, 1.1 ⇥1021 pot/year); (b) high energy option optimized for the ⌫⌧ appearance (2.4 MW).

moved o↵-axis. We note that the overall volume occupied by the standalone detector with
the compact STT is smaller than the magnetized detector currently considered.

III. PHYSICS PROGRAM

In order to assess the physics sensitivity of the proposed detector we use as default the
engineered 3 horn LBNF beams optimized for the CP violation search with 120 GeV protons,
a 1.2 MW power, and 1.1 ⇥1021 pot/year. Table I lists the expected number of inclusive
Charged Current (CC) events for the various beam components for a 5 year run with both
the FHC neutrino and RHC antineutrino beam modes. A nominal fiducial mass of 5 tons of
CH2 radiator targets, providing about 714 kg of hydrogen, results in statistics large enough
to achieve accurate measurements of all relevant physics processes discussed in the following.
As discussed in Sec IIA, various additional nuclear targets like C, Ar, Ca, Fe, etc. can further
enhance the physics potential.

Another interesting option is provided by the LBNF beam optimized to detect the ⌫⌧
appearance in the Far Detector. The corresponding energy spectrum is substantially higher
than the one with the default beam configuration, resulting in an increase of the expected
event rates by a factor 2.4 with respect to the default beam (Tab. I). A realistic scenario
could be that after completing a data taking of 5 years with the standard FHC beam and 5
years with the standard RHC beam, we can have dedicated runs with the ⌫⌧ optimized beam.
Even a modest exposure of 2 years with FHC and 2 years with RHC in this configuration
would substantially enhance the discovery potential of the precision tests of fundamental
interactions described in Sec. III B. To this end, by the time we can realistically have dedicated
runs with the ⌫⌧ optimized beam (after 10 years of data taking with the standard beam) the
LBNF beam intensity is expected to be upgraded from 1.2 MW to 2.4 MW.
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Large number of carbon background!

overwhelm the small number of signal events we want to measure
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• Hydrogen: Momentums of final-state particles are balanced in the 
direction transverse to the beam direction without nuclear effects. 
The only smearing is detector effects.


• Carbon: Nuclear effects causes imbalance on the transverse plane.

• Key detector features: low-threshold, high resolution measurement 

of all final-state particles as much as possible. 

ν-H Selection: Transvers Kinematics

8

If this is a free proton as in h, there is not fermi motion, doesn’t correlate with other 
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ν-H Selection: Resonance (3-Track Events)

• Resonance pion production

• Two simple transverse variables:

• δpTT: momentum imbalance in the “double transverse” direction. 

•                                      , where      and      are the missing      and 

total      of hadrons.

• ~90% purity of hydrogen events (neutrino energy independent).

• The remaining carbon background is measured by the graphite target.

Hydrogen Event Selection (νµp → µ−pπ+)

! RMH also makes some improvement for FHC 3trk.

! The purity improves from 77% to 89% with RMH cut.

3 / 9

νp → μ−pπ+

δpTT
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p

π+

9
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ν-H Selection: Likelihoods

• Build log likelihood function using more variables (                             ) 
can achieve even better purity while maintains efficiency. 

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

0

250

500

750

1000

1250

1500

1750

2000

2250

x 10 2

-4 -2 0 2 4 6

 Carbon

 Hydrogen

 a
.u

.

 ln λH

0
5000

10000
15000
20000
25000
30000
35000
40000
45000

0 1 2 3 4

 CH2

FIG. 3. Distributions of ln�H for the H signal, the C background, and the CH2 plastic (sum) for
the exclusive µ�p⇡+ CC topologies. The multiple peaks are the e↵ect of the binning used to build
L
H . The H and C distributions are normalized to the expected relative abundance in CH2.

this section. However, it provides information complementary to RmH , so that the combined
e↵ect of both these variables improves the overall selection e�ciency.

The use of simple cuts RmH < �0.6 and pH
T? < 0.03 GeV/c provides a clean selection

of ⌫p ! µ�p⇡+ H interactions from the CH2 plastic with an e�ciency of 93% and a purity
of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.

We can further improve the selection of H interactions by using multivariate techniques
exploiting the complete event kinematics [18–20]. Assuming the two momentum vectors of
the lepton and hadron system, we have in total 3 transverse and 2 longitudinal degrees of
freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.

We use a likelihood function incorporating multi-dimensional correlations among kinematic
variables. An optimization of the kinematic selection suggests the following function:

L
H
⌘

⇥
[ RmH , p

H

T?, ✓⌫T ], pm
T
, �lH

⇤
(1)

where the square brackets denote correlations (Fig. 2). The L
H function is over-constrained

in the transverse plane to compensate for the missing correlations, binning, etc. A function
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this section. However, it provides information complementary to RmH , so that the combined
e↵ect of both these variables improves the overall selection e�ciency.

The use of simple cuts RmH < �0.6 and pH
T? < 0.03 GeV/c provides a clean selection

of ⌫p ! µ�p⇡+ H interactions from the CH2 plastic with an e�ciency of 93% and a purity
of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.
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The use of simple cuts RmH < �0.6 and pH
T? < 0.03 GeV/c provides a clean selection

of ⌫p ! µ�p⇡+ H interactions from the CH2 plastic with an e�ciency of 93% and a purity
of 86%, including non-resonant backgrounds as well as higher order resonances above �.
Similarly, we can select the equivalent ⌫̄p ! µ+p⇡� topology with a purity of 84% and an
e�ciency of 89%. Table I summarizes the results of the kinematic selection.

We can further improve the selection of H interactions by using multivariate techniques
exploiting the complete event kinematics [18–20]. Assuming the two momentum vectors of
the lepton and hadron system, we have in total 3 transverse and 2 longitudinal degrees of
freedom in the event selection, due to the invariance for an arbitrary rotation in the transverse
plane. Since we want to separate the same CC events with and without nuclear e↵ects, we can
further assume that the overall reconstructed energy spectra are similar (up to the nuclear
smearing), thus somewhat reducing the rejection power of one of the longitudinal variables.
As a result, we can define a complete kinematic set as 3 transverse plus one longitudinal
variables. We select this latter as the angle between the total visible momentum vector and
the incident neutrino direction (z axis), ✓⌫T . This variable is expected to be close to zero
in H interactions, up to the tiny beam divergence, while it is much larger in interactions
originated from nuclear targets.

We use a likelihood function incorporating multi-dimensional correlations among kinematic
variables. An optimization of the kinematic selection suggests the following function:

L
H
⌘

⇥
[ RmH , p

H

T?, ✓⌫T ], pm
T
, �lH

⇤
(1)

where the square brackets denote correlations (Fig. 2). The L
H function is over-constrained

in the transverse plane to compensate for the missing correlations, binning, etc. A function

7

FHC µ�p⇡+
<latexit sha1_base64="25jfb1tVBqAIsOwx9nwG86LCsOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzE2wFQSwz3eiyWJAuK9gHdKYlk2baYCYTkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hMIRpV2nG8rt7K6tr6R3yxsbe/s7tn7By0VJxKTJo5ZLDsBUoRRTpqaakY6QhIUBYy0g/va1G8/EKlozO/0WBA/QkNOQ4qRNlLfPrqp12DJi5LeBRTQE7R3XoJ9u+iUnRngMnEzUgQZGn37yxvEOIkI15ghpbquI7SfIqkpZmRS8BJFBML3aEi6hnIUEeWns+sn8NQoAxjG0hTXcKb+nkhRpNQ4CkxnhPRILXpT8T+vm+jwyk8pF4kmHM8XhQmDOobTKOCASoI1GxuCsKTmVohHSCKsTWAFE4K7+PIyaVXKrlN2byvF6nUWRx4cgxNwBlxwCaqgDhqgCTB4BM/gFbxZT9aL9W59zFtzVjZzCP7A+vwBCvmTAQ==</latexit><latexit sha1_base64="25jfb1tVBqAIsOwx9nwG86LCsOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzE2wFQSwz3eiyWJAuK9gHdKYlk2baYCYTkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hMIRpV2nG8rt7K6tr6R3yxsbe/s7tn7By0VJxKTJo5ZLDsBUoRRTpqaakY6QhIUBYy0g/va1G8/EKlozO/0WBA/QkNOQ4qRNlLfPrqp12DJi5LeBRTQE7R3XoJ9u+iUnRngMnEzUgQZGn37yxvEOIkI15ghpbquI7SfIqkpZmRS8BJFBML3aEi6hnIUEeWns+sn8NQoAxjG0hTXcKb+nkhRpNQ4CkxnhPRILXpT8T+vm+jwyk8pF4kmHM8XhQmDOobTKOCASoI1GxuCsKTmVohHSCKsTWAFE4K7+PIyaVXKrlN2byvF6nUWRx4cgxNwBlxwCaqgDhqgCTB4BM/gFbxZT9aL9W59zFtzVjZzCP7A+vwBCvmTAQ==</latexit><latexit sha1_base64="25jfb1tVBqAIsOwx9nwG86LCsOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzE2wFQSwz3eiyWJAuK9gHdKYlk2baYCYTkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hMIRpV2nG8rt7K6tr6R3yxsbe/s7tn7By0VJxKTJo5ZLDsBUoRRTpqaakY6QhIUBYy0g/va1G8/EKlozO/0WBA/QkNOQ4qRNlLfPrqp12DJi5LeBRTQE7R3XoJ9u+iUnRngMnEzUgQZGn37yxvEOIkI15ghpbquI7SfIqkpZmRS8BJFBML3aEi6hnIUEeWns+sn8NQoAxjG0hTXcKb+nkhRpNQ4CkxnhPRILXpT8T+vm+jwyk8pF4kmHM8XhQmDOobTKOCASoI1GxuCsKTmVohHSCKsTWAFE4K7+PIyaVXKrlN2byvF6nUWRx4cgxNwBlxwCaqgDhqgCTB4BM/gFbxZT9aL9W59zFtzVjZzCP7A+vwBCvmTAQ==</latexit><latexit sha1_base64="25jfb1tVBqAIsOwx9nwG86LCsOs=">AAAB/XicbVDLSgMxFM3UV62v8bFzE2wFQSwz3eiyWJAuK9gHdKYlk2baYCYTkoxQh+KvuHGhiFv/w51/Y9rOQlsPXDiccy/33hMIRpV2nG8rt7K6tr6R3yxsbe/s7tn7By0VJxKTJo5ZLDsBUoRRTpqaakY6QhIUBYy0g/va1G8/EKlozO/0WBA/QkNOQ4qRNlLfPrqp12DJi5LeBRTQE7R3XoJ9u+iUnRngMnEzUgQZGn37yxvEOIkI15ghpbquI7SfIqkpZmRS8BJFBML3aEi6hnIUEeWns+sn8NQoAxjG0hTXcKb+nkhRpNQ4CkxnhPRILXpT8T+vm+jwyk8pF4kmHM8XhQmDOobTKOCASoI1GxuCsKTmVohHSCKsTWAFE4K7+PIyaVXKrlN2byvF6nUWRx4cgxNwBlxwCaqgDhqgCTB4BM/gFbxZT9aL9W59zFtzVjZzCP7A+vwBCvmTAQ==</latexit>

arXiv:1809.08752 [hep-ph]

10

HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-4 -3 -2 -1 0 1 2 3 4 5

 E
ffi

ci
en

cy
/P

ur
ity

 ln λH cut

Event-by-event probability of H or C interaction
Vary efficiency/purity and define control samples to validate selection

11

ν-H Selection: Background Subtraction

• The subtraction of carbon background by the graphite target is totally 
data-driven, model-independent. 

• Optimizing graphite mass to minimize statistical uncertainty.

11
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Process CH2 target H target CH2 selected C bkgnd

⌫µ CC µ�p⇡+ 3,924,000 2,484,000 2,430,000 194,000

⌫µ CC inclusive 34,900,000 3,591,000 4,140,000 1,160,000

⌫̄µ CC µ+p⇡� 836,000 373,000 365,000 29,100

⌫̄µ CC µ+n 4,960.000 1,240,000 360,000 70,000

648,000 126,000

⌫̄µ CC inclusive 13,000,000 2,882,000

TABLE II. Number of events expected in the selection of various processes on H with (anti)neutrino
beams similar to the ones available in DUNE [1, 2], assuming 5+5 years of data taking with the
neutrino and antineutrino beam polarities. The first two columns (CH2 and H targets) refer to
the initial statistics, while the last two include all selection cuts described in this paper. For the
CH2 and C targets the numbers refer to the given final state topologies originated from either p
or n interactions. For the µ+n topologies the first line refers to the events with n identified in the
tracker (25%) and the second to the ones with n identified in ECAL (45%). See the text for details.

C. Achievable statistics

In the following we will assume an overall fiducial mass of 5 tons for the CH2 targets.
This value is realistically achievable with the detector technology discussed in Sec. II and a
relatively compact tracking volume around 50 m3 (without fiducial cuts), depending upon
the specific configuration of the main detector parameters. The measured distributions of
the generic kinematic variables ~x ⌘ (x1, x2, ....., xn) in ⌫(⌫̄)-H interactions are obtained as:

NH(~x) ⌘ NCH2(~x)�NC(~x)⇥
MC/CH2

MC

(3)

where NCH2 and NC are the data from the CH2 plastic and graphite (C) targets. The
interactions from this latter are normalized by the ratio between the total fiducial masses of
C within the graphite and CH2 targets, MC/CH2/MC . The subtraction in Eq.(3) is performed
after all the selection cuts including the kinematic analysis described above, resulting in the
purities and e�ciencies summarized in Tab. I. Practical considerations require the graphite
targets to be smaller than the actual amount of C inside the CH2 plastic, thus resulting in a
statistical penalty associated with the subtraction procedure. Figure 6 illustrates how the
total statistical uncertainty on NH from Eq.(3) compares to the ideal one expected from
a pure H2 sample equivalent to the statistics of H interactions within CH2. For a given
e�ciency, the purity of the H samples achievable by the kinematic selection is crucial for
the feasibility of this technique. Our analysis suggests that a fiducial mass for the graphite
targets of about 600 kg (i.e. MC/MCH2 = 0.12) provides a reasonable compromise with a
statistical penalty less than 30%. We note that this statistical penalty can be further reduced
by analytically smoothing the measured distributions from the graphite target.

As an example of application of our technique, we consider neutrino and antineutrino
beam spectra similar to the ones expected in the DUNE experiment. To this end, we assume
a nominal beam power of 1.07 MW with 1.47⇥ 1021 pot/year and a total running time of
5+5 years with the neutrino and antineutrino beam polarities [1, 2]. Table II summarizes the
total number of events expected for the various topologies and targets. The planned upgrades
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Data-driven subtraction of small backgrounds (model-independent)
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targets to be smaller than the actual amount of C inside the CH2 plastic, thus resulting in a
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total statistical uncertainty on NH from Eq.(3) compares to the ideal one expected from
a pure H2 sample equivalent to the statistics of H interactions within CH2. For a given
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As an example of application of our technique, we consider neutrino and antineutrino
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Emphasize: same detector response of pure carbon target



ν-H Selection: More Channels

• Various channels studied with simple cuts and LH.

• Working on improvements. 
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RmH and pH
T? cuts ln�H cut

Process E�ciency Purity E�ciency Purity

⌫µp ! µ�p⇡+ 93% 86% 90% 92%

⌫̄µp ! µ+p⇡� 89% 84% 90% 88%

⌫̄µp ! µ+n 95% 80%

⌫µp CC inclusive 83% 73%

TABLE I. E�ciency and purity for the kinematic selection of H interactions from the CH2 plastic
target using simple cuts on RmH and pH

T? (described in the text), as well as on the multi-variate
likelihood ratio ln�H . The cuts on ln�H are chosen to retain a fixed 90% signal e�ciency.

T2K experiments [24, 25] have found an unphysical excess of hA elastic scattering processes
in the FSI simulated by GENIE, which is in disagreement with (anti)neutrino data. We follow
the corresponding prescriptions by MINER⌫A and T2K and discard such elastic hA FSI
processes in GENIE. We generate inclusive CC interactions including all processes available
in the event generators with input (anti)neutrino spectra similar to the ones expected in the
DUNE experiment. We then use the GEANT4 [26] program to evaluate detector e↵ects and
apply to all final state particles a parameterized reconstruction smearing consistent with the
NOMAD data [17].

In order to illustrate the potential of the technique we propose for the measurement of
H interactions, we start from an analysis based upon simple kinematic cuts. We will focus
initially on the cleanest topologies ⌫p ! µ�p⇡+ and ⌫̄p ! µ+p⇡�, mainly originated from
resonance production. All final state particles from these processes on H can be accurately
reconstructed in the detector described in Sec. II, thus resulting in an excellent measurement
of all the relevant kinematic variables. We will discuss later a more refined kinematic analysis,
as well as the selection of other CC event topologies.

The most powerful kinematic variable to separate H interactions from the ones originated
in nuclear targets is RmH ⌘ (pm

T
� pH

T
)/(pm

T
+ pH

T
), the asymmetry between the missing

transverse momentum, pm
T
, and the transverse momentum of the hadron vector, pH

T
. For

H interactions pm
T
is consistent with zero up to reconstruction e↵ects and hence we expect

RmH ⇠ �1. Instead, if the interactions occur inside a nuclear target we expect a substantial
pm
T
together with smaller values of pH

T
, due to the nuclear smearing. Furthermore, the missing

transverse momentum is mainly generated inside the hadron system and it is expected to be
correlated with the latter. All these nuclear e↵ects result in much larger values of RmH . As
shown in Fig. 1, this variable can be e�ciently used to separate H interactions, as well as to
probe various aspects of the nuclear smearing. Another useful variable is the magnitude of the
component of the hadron transverse momentum perpendicular to the transverse momentum
of the lepton, pH

T?. In H interactions the transverse momenta of the lepton and of the hadron
system are back-to-back, thus resulting in a a sharp peak around zero in pH

T?. Interactions
from nuclear targets have a much broader distribution originating from the nuclear smearing.
The use of this variable to study H interactions within composite targets was suggested in
Ref. [27]. Since pH

T? is selecting topologies in which the transverse momenta of the lepton
and the hadron system are back-to-back, the e↵ect of this variable is similar to the use of the
angle between those transverse vectors, �lH . Used as a single variable in the H selection, pH

T?
has less discriminating power than both RmH and the other kinematic variables discussed in

6
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ν-H Selection:      - CCQE

• Anti-neutrino QE: 

• About 25% of the neutrons interact within STT producing charged 

secondary particles. Can be greatly improved if considering ECAL.

• Interaction vertex position is obtained from the muon.

• Get the neutron direction from the vertex to interaction point. 

• Get the neutron energy from the muon kinematics with QE assumption.  

Hydrogen Event Selection (ν̄µ QE)

! Same technique for hydrogen selection (δpTT and RMH).

! We get 80% pure ν̄µ QE sample on hydrogen.

! The total number of ν̄µ QE on hydrogen in RHC is quite large (1.2M).

6 / 9

ν̄μ

ν̄μp → μ+n

13

We studied various topologies. There is one channel that is important but most tricky

pH
T⊥(GeV )



Neutrino Energy Reconstruction
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! Left: neutrino mode; Right: anti-neutrino mode.
! The hydrogen sample provide a method of reconstructing Eν

independent from nuclear effect.
! The carbon events show a difference between E rec

ν and E true
ν ,

which depends on the nuclear model used.
! Nuclear effect for Ar is even larger than carbon, especially in

anti-neutrino mode.
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Neutrino Energy Reconstruction

• Hydrogen shape is free from nuclear effects (detector smearing only).

• The shapes of nuclear targets are model-dependent.  
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Nuclear Effects

• Hydrogen shape is free from nuclear effects (detector smearing only).

• The shapes of nuclear targets are model-dependent.  
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Flux Measurements: Low-ν Method

16

N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)
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Need a process with small cross-section uncertainty
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Flux Measurements: Low-ν Method



• Cross section is flat at low ν = Eν - Εμ with smaller uncertainty: flux 
shape measurement (used by NOMAD, MINOS, MINERvA). 

• The cross-sections of ν-H are better understood than heavy 
nucleus and free from uncertainties from nuclear effects. 


• Low-ν cut significantly reduce remaining uncertainties.
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Flux Measurements: Low-ν Method

Cross-section uncertainty < 1%
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• Cross section is flat at low ν = Eν - Εμ with smaller uncertainty: flux 
shape measurement (used by NOMAD, MINOS, MINERvA). 

• The cross-sections of ν-H are better understood than heavy 
nucleus and free from uncertainties from nuclear effects. 


• Low-ν cut significantly reduce remaining uncertainties.

Nuclear effects!
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Flux Measurements: Low-ν Method

Uncertainties further constrained by  
differential measurements in inclusive sample.

Cross-section uncertainty < 1%

 ν<0.5 GeV: ~25% efficiency



• Measuring neutrons at a distance from vertex allows 
measurement of very low Q2


• At Q2 => 0, the QE cross section of free proton is known to < 1% 
from measurements of neutron decay. 


• Good for absolute/relative      flux measurements. 

Flux Measurements:      -CCQEν̄μ

17

ν̄μ

✦ Measure relative ν̄ fluxes using QE on Hydrogen ν̄p → µ+n with ν < 0.5 GeV (or
lower), similar to complementary µ+pπ− exclusive topology.

✦ Measure absolute ν̄ fluxes from QE on Hydrogen ν̄p → µ+n:

dσ
dQ2 |Q2=0 =

G2
F cos2 θc

2π
[F 2

1 (0) +G2
A(0)]

where terms in (ml/M)2 are neglected.

● Cross-section independent of neutrino energy for
√
2EνM > ml;

● At Q2 = 0 QE cross-section determined by neutron β-decay to a precision better than 1%;

=⇒ Additional theoretical Eν uncertainties to consider?

USC Group USC

6

ν̄μp → μ+n n → pe−νe



Can we measure ν-Η in an alternative way?

• A pure-hydrogen detector with comparable statistics causes 
safety concerns, and can be potentially expensive. 

• Fill Argon-Gas TPC with hydrogen would also reduce ν-Ar 

statistics.

• 3DST (CH target) has smaller (1/2) number of hydrogen and 

poorer resolution.

• Larger statistical uncertainty.

• Lower efficiency.

• Higher background level makes subtraction difficult.

• No dedicated carbon targets (with same detector response as 

CH) to constrain background systematics.

18

larger stat uncertainty and syst uncertainty



Summary

• We propose to measure ν-Η in the STT detector by 
statistically subtracting C from CH2.   

• Large statistics. 

• Subtraction is data-driven.

• Safe, and cheap. 


• Lots of benefits to DUNE 

• Neutrino energy scale free from nuclear effects.

• Measure/constrain nuclear effects. 

• Flux measurement.

• Cross-section physics.


• Complementary to other ND measurements. 
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Straw Tube Tracker (STT)Near Detector

• ND goals: 
• Constrain systematics to the νe appearance measurement.  
• Precision physics measurements on its own.  

• Alternative designs:  
• LArTPC 
• High-Pressure Argon Gas TPC 
• Hybrid detector.

72 3 Project and Design

Figure 3.21: The LBNE near neutrino detector reference design with the dipole magnet open to show
the straw-tube tracker (grey) and electromagnetic calorimeter (yellow). RPCs for muon identification (red
squares) are embedded in the yoke steel and up- and downstream steel walls.

calorimeter inside of a 0.4-T dipole magnet, illustrated in Figure 3.22, and resistive plate chambers
for muon identification (MuID) located in the steel of the magnet and also upstream and down-
stream of the tracker. High-pressure argon gas targets, as well as water and other nuclear targets,
are embedded in the upstream part of the tracking volume. The nominal active volume of the STT
corresponds to eight tons of mass. The STT is required to contain sufficient mass of argon gas in
tubes (Al or composite material) to provide at least a factor of ten more statistics than expected in
the far detector. Table 3.4 summarizes the performance for the fine-grained tracker’s configuration,
and Table 3.5 lists its parameters.

Figure 3.22 shows the locations of the electromagnetic calorimeter and MuID next to the magnet
steel and magnet coils. The fine-grained tracker has excellent position and angular resolutions due
to its low-density (≥ 0.1 g/cm3), high-precision STT. The low density and magnetic field allow it to
distinguish e+ from e≠ on an event-by-event basis. The high resolution is important for determining
the neutrino vertex and determining whether the neutrino interaction occurs in a water or argon
target. Electrons are distinguished from hadrons using transition radiation.

The Long-Baseline Neutrino Experiment

Straw Tube Tracker (Argon target)

Muon Detector

Dipole BECAL

•  

• •  ∼3.5m×3.5m×6.5mSTT (ρ ≃ 0.1 g/cm3).  
 • 4π ECAL in a dipole magnetic field  

(B = 0.4 T).  

 • 4π MuID (RPC) in dipole and  
up/downstream.  

 • Pressurized 40Ar target ≃ ×10 FD statistics 
and 40Ca target. 

• The reference design:  
High Resolution Fine-Grained Tracker.

• •  ∼3.5m×3.5m×6.5m, ρ≃0.1 g/cm3, X0≃6m.  
• Magnetic field for charge and momentum measurement.  

 • 4π ECAL coverage. 

 • 4π MuID (RPC) in dipole and up/downstream.  

 • Multiple nuclear targets:  
Pressurized 40Ar target (≃×69 FD-stat), & 40Ca, C  (~×220 FD-stat). 

High Resolution Fine-Grain Tracker (Reference Design)

• ⇠ 3.5 m ⇥ 3.5 m ⇥ 6.5 m STT
(⇢ ' 0.1 g/cm3)

• 4⇡ ECAL in a dipole magnetic
field (B = 0.4 T)

• 4⇡ MuID (RPC) in dipole and
up/downstream

• Pressurized 40Ar target ' ⇥10
FD statistics and 40Ca target

• Trasition Radiation : e±

• dE/dx : ⇡±, K± and proton

• Magnet : + .vs. -

• MuID : µ
) Absolute flux measurement

Radiator (Target) Mass 7 tons
Other Nuclear Target Mass 1–2 tons
Vertex Resolution 0.1 mm
Angular Resolution 2 mrad

Ee Resolution
6%/

p
E

( 4% at 3 GeV)
Eµ Resolution 3.5%
⌫µ/⌫̄µ ID Yes
⌫e/⌫̄e ID Yes
⇡� .vs. ⇡+ ID Yes
⇡+ .vs. proton .vs. K+ Yes

NC⇡0/CCe Rejection 0.1%
NC�/CCe Rejection 0.2%
CCµ/CCe Rejection 0.01%

Xinchun Tian (USC, Columbia) DUNE ND@NuInt 2015 112015 6 / 19



Nu-H Selection: Transvers Kinematics

• Hydrogen: Momentums of final-state particles are balanced in the 
direction transverse to the beam direction without nuclear effects. 
The only smearing is detector effects.


• Carbon: Nuclear effects causes imbalance on the transverse plane.

• Key detector features: low-threshold, high resolution measurement 

of all final-state particles as much as possible. 

36
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Appendix A. Kinematic variables

The event kinematics is based on a set of global variables which describe the general
properties of the two momentum vectors of a leading particle and of the hadronic system
H recoiling against it, in the laboratory frame. This convention is closely related to the
kinematics of CC interactions. However, in general, any track (or system of tracks) can be
chosen as leading particle.
Invariance with respect to an arbitrary rotation in the plane transverse to the beam

direction means that an event can in fact be fully described by five degrees of freedom
(Fig. 16): three in the transverse plane (x, y) and two along the beam direction (z).
In the selection of ντ CC interactions, the leading particle consists of the visible τ decay

product(s) τV. The following kinematic variables can then be computed (Fig. 16):

• pvis, the total visible momentum of the event. This is computed by summing the
momenta of all primary charged particles, neutral secondary vertices and neutral
ECAL clusters.

• Evis, the total visible energy of the event.
• pτV and pH , the total momentum of the visible tau decay product(s) and of the
associated hadronic system, respectively, such that pτV + pH = pvis.

• yBj , the ratio between pH and the total visible energy.
• pτV

T and pH
T , the components of p

τV and pH perpendicular to the neutrino beam
direction.

• pm
T , defined as −(pτV

T + pH
T ) and interpreted as a measurement of the “missing”

transverse momentum due to the neutrino(s) from τ decay.
• MT , the transverse mass, given by M2

T = 4pτV
T pm

T sin
2(φτVm/2) where φτVm is the

angle between pτV
T and pm

T , when assuming massless decay product(s). For τ events,
MT ! τ mass, up to detector resolution and Fermi motion effects.

Fig. 16. Definition of the NOMAD kinematics for a ντ CC event.



Anti-Neutrino Mode: 3trk
Hydrogen Event Selection (ν̄µp → µ+pπ−)

! Define a new variable RMH =
pMT −pHT
pMT +pHT

(where pMT is total missing pT , and pHT is the

hadron pT ). It shows additional separation power.
! A simple RMH cut significantly improves the purity from 59% to 84% while

maintains high efficiency.
! A multivariate analysis using complete set of kinematic variables can further

improve the separation power (ongoing work)

2 /9



Generator Comparisons
HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

NuWro GiBUU GENIE

Process E�ciency Purity E�ciency Purity E�ciency Purity

⌫µp ! µ�p⇡+ 93% 86% 93% 84% 93% 91%

⌫̄µp ! µ+p⇡� 89% 84% 89% 87% 89% 89%

TABLE III. Comparison of the e�ciency and purity for the kinematic selection of H interactions
from the CH2 plastic target using simple cuts on RmH and pH

T? with the NuWro [21], GiBUU [22],
and GENIE [23] event generators. The same selection cuts as in Tab. I are used in all cases.

of the beam intensity to a nominal power of 2.4 MW would more than double the available
statistics. Similarly, the high-energy beam option designed to detect the ⌫⌧ appearance in
the far detector would increase the available statistics by another factor of 2.4 with a much
harder spectrum [28].

IV. DISCUSSION

A. Systematic uncertainties

The kinematic analysis described in Sec. III allows to identify all the main ⌫(⌫̄)-H CC
topologies within the CH2 plastic target with little residual backgrounds ⇠8-20% from
interactions on the carbon nucleus. This selection dramatically reduces not only the statistical
uncertainty from the background subtraction procedure (Sec. III C), but also the impact of
systematic uncertainties on the modeling of nuclear e↵ects in carbon [3]. These latter are
further reduced by the model-independent background subtraction using the data obtained
from the dedicated graphite target. The CH2 plastic can be considered as an e↵ective tank
filled with hydrogen, while the graphite represents the empty tank. This technique is similar to
what has been done for decades in electron scattering experiments, in which a cryogenic tank
is filled with a liquid H2 target and special runs with the empty tank are taken for background
subtraction 2. Since the CH2 and C targets are configured as thin layers spread out uniformly
over the tracking volume, the corresponding corrections for the detector acceptance are small
and, most importantly, similar for both targets. The impact of possible model dependencies
through these corrections is therefore negligible on ⌫(⌫̄)-H measurements, as they would
appear as third order e↵ects on the data-driven subtraction of small backgrounds.

In order to check the sensitivity of our results to the details of the interaction modeling we
repeat the event selection based upon simple cuts on RmH and pH

T? with three event generators:
NuWro [21], GiBUU [22], and GENIE [23]. These generators use di↵erent assumptions for the
(anti)neutrino-nucleon cross-sections, as well as for the nuclear modeling of both initial and
final state interactions. As shown in Tab. III, our kinematic selection of H interactions from
the plastic CH2 targets is rather stable and we obtain comparable e�ciencies and purities
with all the three event generators used.

Reconstruction e↵ects on the four-momenta of the final state particles can in principle
degrade the kinematic selection. For this reason in our studies we used a realistic detector

2 One of the dominant systematic uncertainties in electron scattering experiments on hydrogen is typically

given by the knowledge of the density/mass of the cryogenic target. Our technique for measuring ⌫(⌫̄)-H

interactions allows a more precise knowledge of the actual target mass.

12

 Check of model dependence in the H selection 

15

This is to show that the number of efficiencies and purities we estimate is realistic.  
the difference between generators here will not be systematics because we will have 

carbon data to measure them 



Background Shape
Model dependence of Background Shape
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Prediction by different models for C12

! The shape of carbon background is model-dependent.

! It is important to have dedicated carbon target (graphite) to
measure the background shape.

! It also serve as a constraint on nuclear model itself.
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Models differ in prediction of background shape:  
We must have carbon data to measure it!



• The selection efficiency is flat for most of the energy region: 
the selection is independent from incoming neutrino energy.

Selection Efficiency

True Neutrino Energy (GeV)
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! The efficiency of selecting hydrogen RES events (true
W < 1 .4 GeV) is ∼94%, largely independent from incoming
neutrino energy.
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Nu-H Selection: Efficiency 



Hydrogen Event Selection (ν̄µ QE)

! Get the vertex position from the muon (with z ± 1cm smearing).

! About 25% neutron interact in STT producing charged particles according to
GEANT4 simulation.

! Get the neutron direction from the vertex to interaction point.

! Get the neutron energy from the muon kinematics with QE assumption.

5 / 9

Neutrons in STT



Neutrons in STT

Neutrons in STT

! A Geant4 study of neutrons in STT has been conducted.
! Hand-scanned 200 neutrons in STT event display:

! 12% make good tracks in STT.
! 22% make a few hits in STT, but not enough for track.
! 48% has ECAL hits but no STT hit.
! 4% is totally invisible.

! Measuring neutrons also greatly helps constraining nuclear effect. 8 / 9



Neutrons in STT
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Neutrons in STT
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N(Erec) = ∫Eν

dEνΦ(Eν)Posc(Eν)σ(Eν)Rdet(Erec, Eν)
Need a process with small cross-section uncertainty

• Cross section is flat at low ν = Eν - Εμ with smaller uncertainty: flux 
shape measurement (used by NOMAD, MINOS, MINERvA). 

• The cross-sections of ν-H are better understood than heavy 
nucleus and free from uncertainties from nuclear effects. 


• Two channels:                      ,  

• Low-ν cut significantly reduce remaining uncertainties.

Nuclear effects!

No cut ν<0.5 GeV

Uncertainties further constrained by  
differential measurements in inclusive sample.

Flux Measurements: Low-ν Method

ν̄μp → μ+nνp → μ−pπ+



Low-ν Neutrino Flux Measurement

• Uncertainty from muon energy scale



Flux Measurements (Low-ν)

• The cross-sections of ν-H are better understood than nu-nucleus. 


• Low-ν (energy transfer to hadronic system) cut significantly reduce 
remaining uncertainties from hadronic modeling.


• Expect 0.4M events: a precise measurement of relative flux. 

✦ Use of ν(ν̄)-Hydrogen interactions dramatically reduces hadronic uncertainties:

● Select exclusive µpπ 3-track topology on Hydrogen;
● Cut ν < 0.5 GeV flattens cross-sections reducing uncertainties on Eν dependence;
● Flux uncertainties dominated by muon energy scale (∆Eµ ∼ 0.2% in low density tracker).

=⇒ Potentially achieve unprecedented precision on fluxes ∼ 1-2%

ν < 0.5 GeVNO CUT

USC Group USC

4



ν-H Selection

• Similar technique is applicable to the inclusive sample sample

• Working on improving efficiency and purity.

Hydrogen Event Selection (νµ Inclusive)

! The idea is applicable to inclusive sample: just use the measured momentum of all
final state particles (neutrons not included, not many anyway).

! Similar RMH cut also helps to improve purity.

4 / 9
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HiResMν:

Costs and Detector Design

R. Petti

University of South Carolina

LBNE Near Detector Workshop

Columbia SC, December 12, 2009

Roberto Petti USC

RmH and pH
T? cuts ln�H cut

Process E�ciency Purity E�ciency Purity

⌫µp ! µ�p⇡+ 93% 86% 90% 92%

⌫̄µp ! µ+p⇡� 89% 84% 90% 88%

⌫̄µp ! µ+n 95% 80%

⌫µp CC inclusive 83% 73%

TABLE I. E�ciency and purity for the kinematic selection of H interactions from the CH2 plastic
target using simple cuts on RmH and pH

T? (described in the text), as well as on the multi-variate
likelihood ratio ln�H . The cuts on ln�H are chosen to retain a fixed 90% signal e�ciency.

T2K experiments [24, 25] have found an unphysical excess of hA elastic scattering processes
in the FSI simulated by GENIE, which is in disagreement with (anti)neutrino data. We follow
the corresponding prescriptions by MINER⌫A and T2K and discard such elastic hA FSI
processes in GENIE. We generate inclusive CC interactions including all processes available
in the event generators with input (anti)neutrino spectra similar to the ones expected in the
DUNE experiment. We then use the GEANT4 [26] program to evaluate detector e↵ects and
apply to all final state particles a parameterized reconstruction smearing consistent with the
NOMAD data [17].

In order to illustrate the potential of the technique we propose for the measurement of
H interactions, we start from an analysis based upon simple kinematic cuts. We will focus
initially on the cleanest topologies ⌫p ! µ�p⇡+ and ⌫̄p ! µ+p⇡�, mainly originated from
resonance production. All final state particles from these processes on H can be accurately
reconstructed in the detector described in Sec. II, thus resulting in an excellent measurement
of all the relevant kinematic variables. We will discuss later a more refined kinematic analysis,
as well as the selection of other CC event topologies.

The most powerful kinematic variable to separate H interactions from the ones originated
in nuclear targets is RmH ⌘ (pm

T
� pH

T
)/(pm

T
+ pH

T
), the asymmetry between the missing

transverse momentum, pm
T
, and the transverse momentum of the hadron vector, pH

T
. For

H interactions pm
T
is consistent with zero up to reconstruction e↵ects and hence we expect

RmH ⇠ �1. Instead, if the interactions occur inside a nuclear target we expect a substantial
pm
T
together with smaller values of pH

T
, due to the nuclear smearing. Furthermore, the missing

transverse momentum is mainly generated inside the hadron system and it is expected to be
correlated with the latter. All these nuclear e↵ects result in much larger values of RmH . As
shown in Fig. 1, this variable can be e�ciently used to separate H interactions, as well as to
probe various aspects of the nuclear smearing. Another useful variable is the magnitude of the
component of the hadron transverse momentum perpendicular to the transverse momentum
of the lepton, pH

T?. In H interactions the transverse momenta of the lepton and of the hadron
system are back-to-back, thus resulting in a a sharp peak around zero in pH

T?. Interactions
from nuclear targets have a much broader distribution originating from the nuclear smearing.
The use of this variable to study H interactions within composite targets was suggested in
Ref. [27]. Since pH

T? is selecting topologies in which the transverse momenta of the lepton
and the hadron system are back-to-back, the e↵ect of this variable is similar to the use of the
angle between those transverse vectors, �lH . Used as a single variable in the H selection, pH

T?
has less discriminating power than both RmH and the other kinematic variables discussed in

6
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✦ Measure relative ν̄ fluxes using QE on Hydrogen ν̄p → µ+n with ν < 0.5 GeV (or
lower), similar to complementary µ+pπ− exclusive topology.

✦ Measure absolute ν̄ fluxes from QE on Hydrogen ν̄p → µ+n:

dσ
dQ2 |Q2=0 =

G2
F cos2 θc

2π
[F 2

1 (0) +G2
A(0)]

where terms in (ml/M)2 are neglected.

● Cross-section independent of neutrino energy for
√
2EνM > ml;

● At Q2 = 0 QE cross-section determined by neutron β-decay to a precision better than 1%;

=⇒ Additional theoretical Eν uncertainties to consider?

USC Group USC

6Flux Measurements:      -CCQEν̄μ


